Recent advances in understanding the pathogenesis of simian immunodeficiency virus (SIV) infection of macaques and the creation of SIV-human immunodeficiency virus (HIV) chimeras, have provided valid animal models for the evaluation of vaccines to prevent human AIDS (for review, see references 3, 44, and 53). Protection against experimental infection of nonhuman primates by SIV or SIV-HIV chimeras has been achieved with a variety of vaccine strategies (3, 43) , including subunits or recombinant proteins, inactivated whole virus, live vector-based vaccines, and prime-boost combinations. However, the most potent level of protection is provided by vaccination with a genetically related, attenuated, live strain with deleted accessory genes such as nef (2, 18, 20, 37, 54, 65, 73) , with the level of protection correlating with the replicative capacity of the vaccine virus (38, 55, 73) . The safety of using attenuated live HIV vaccines in humans is a continuing concern and is an issue that cannot be readily addressed. Indeed, the attenuated live SIV vaccines can cause disease in neonatal macaques and in some adult macaques (7, 74, 75) without evidence of reversion. Nevertheless, the efficacy of attenuated live SIV vaccines suggests that an effective AIDS vaccine should mimic the processing, maturation, and presentation of lentiviral antigens during natural infection. Theoretically this could be achieved with recombinant eukaryotic expression vectors based on plasmid DNA, viral vectors, or bacteria (for a review, see references 3, 43, and 69).
AIDS vaccines that are based on recombinant viral vectors such as poxviruses (1, 5, 10, 11, 34, 42, 58, 62) , alphaviruses (12, 15, 52) , and adenoviruses (14, 64) appear to provide some protection in primate models. An obvious concern with the safety of live recombinant AIDS vaccines is that the viral vector itself should not induce life-threatening infections when administrated to immunocompromised individuals (63) . Because of this concern, several highly attenuated poxvirus vector strains with limited pathogenic potential in humans have been developed (51, 57, 58) . These include NYVAC (derived from the Copenhagen strain of vaccinia virus), ALVAC (derived from canarypox virus), fowlpox virus, and MVA (modified vaccinia virus Ankara). Studies with macaques immunized with recombinant vaccines based on NYVAC have demonstrated partial protection of macaques from intravenous and mucosal challenge with SIVmac251 (1, 10), and canarypox virus-based HIV-ALVAC recombinant vaccines are currently being evaluated in clinical trials in humans (22, 67) .
Whereas NYVAC was derived by the deletion of specific virulence genes from the Copenhagen strain, MVA is an attenuated vaccinia that was derived by over 500 serial passages of the Ankara strain on primary chick embryo fibroblasts (CEF). This passage resulted in multiple genomic deletions totaling approximately 31 kb that altered the ability of MVA to replicate productively in mammalian cells (4, 6, 13, 16, 47, 49) but allowed the efficient expression of inserted recombinant genes (71, 72) . MVA was avirulent even in immunosuppressed animals and has an excellent safety record after use in over 120,000 humans in the smallpox eradication campaign (46) (47) (48) . We previously reported that immunization with a trivalent (Env and Gag-Pol) SIV-MVA recombinant resulted in significant modulation of viremia after subsequent intravenous challenge with highly pathogenic, uncloned SIVsmE660 (34) . Rhesus macaques immunized with this MVA-SIV recombinant were better able to control viremia after SIV challenge than macaques immunized with the Wyeth-SIV recombinant (34) . Two out of four MVA-SIV vaccinees have remained healthy for over 5 years after challenge. This initial study utilized a modified prime-boost regimen that consisted of multiple priming with MVA recombinant virus followed by a final boost with inactivated whole SIV administered without adjuvant (34) . While the final antigen boost had no effect upon neutralizing antibody titers, its role in modulating viremia could not be dismissed. The first generation MVA-SIV recombinant utilized the weaker P7.5 vaccinia virus promoter to express the Gag-Pol antigens rather than the more active synthetic promoter used to express the Env glycoproteins. Thus the recombinant expressed considerably less Gag-Pol than Env antigen. The development of Gag-specific antibodies prior to challenge in macaques that remained healthy suggested that the Gagspecific immune response was a critical component of protective immunity. Since there is little reason to suspect that antiGag antibody responses might contribute to the effective control of SIV replication, this observation suggested that Gag-specific antibodies might be a surrogate marker for effective Gag-specific cytotoxic T lymphocytes (CTLs).
The purpose of the present study was dual. First, we wished to evaluate the protective effects of prior immunization with MVA-SIV recombinant vaccines as a sole immunogen without boosting with Env protein. A second goal was to optimize expression of Gag-Pol and to evaluate the relative roles of Gag-Pol and Env antigens in mediating protection from AIDS in the SIV-macaque model. To achieve these goals, we constructed a second generation of MVA recombinants that expressed Env or Gag-Pol precursors of SIV from the efficient early-late vaccinia virus promoter. Three recombinants were constructed that expressed Gag-Pol alone (MVA-gag-pol), Env alone (MVA-env), or Gag-Pol and Env (MVA-gag-pol-env). These second-generation MVA recombinants were then evaluated for expression in vitro, as well as for immunogenicity and protective efficacy in rhesus macaques.
MATERIALS AND METHODS
Vaccinia virus recombinants. MVA was originally obtained from A. Mayr, Veterinary Faculty, University of Munich, Germany, and virus stocks were routinely propagated in CEF. The SIVsmH-4 sequences encoding Env or Gag-Pol protein precursors were inserted into the PmeI site of the MVA transfer plasmids under the control of the efficient synthetic early-late vaccinia virus promoter (17, 21) and are subsequently referred to as pLW22env and pMC03gag-pol, respectively. The expression cassette of pLW22env was flanked by the sequences for homologous recombination into the site of deletion II (49) in the MVA genome and contained the Escherichia coli ␤-galactosidase gene driven by the vaccinia virus early-late promoter (P7.5). The expression cassette of pMC03gag-pol was flanked by sequences homologous to deletion III in the MVA genome and contained the P7.5-GUS (E. coli ␤-glucuronidase) operon. To generate recombinant MVA virus, monolayers of nearly confluent CEF were infected with 0.05 PFU of MVA per cell in six-well plates and were transfected with 10 g of plasmid DNA using the PerFect Transfection Kit (Invitrogen, San Diego, Calif.) at 90 min after infection, as recommended by the manufacturer. At 48 h after infection, the cells were harvested and processed as described previously (68) . MVA recombinants expressing the SIVsmH-4 env (MVA-env) and gag-pol (MVA-gag-pol) genes were selected by ␤-galactosidase or GUS screening in the presence of X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyronoside) or XGlu (5-bromo-4-chloro-3-indolyl-␤-D-glucuronide) (Gold BioTechnology, St. Louis, Mo.), respectively. Expression of SIV Env and Gag-Pol proteins was demonstrated by immunostaining of recombinant plaques with sera from SIVinfected macaques and Western blot analysis of CEF and BS-C-1 cells infected with selected recombinant clones of MVA. After five consecutive rounds of plaque purification, recombinant viruses were amplified in CEF and were purified by centrifugation through a 36% sucrose cushion. The titers of these stocks were determined by immunostaining of infected CEF with SIV-specific monkey sera. The double recombinant MVA-gag-pol-env was selected after transfection of transfer plasmid pMC03gag-pol into CEF infected with MVA-env recombinant.
Expression of SIV proteins by MVA recombinant viruses. To assess in vitro expression of SIV proteins by MVA-SIV recombinant viruses, CEF or BS-C-1 cell monolayers were infected with 10 PFU of nonrecombinant or recombinant MVA viruses (in triplicate) per cell in six-well tissue culture plates. After 24 or 48 h, the medium and infected cells were harvested separately. The medium was clarified by low-speed centrifugation and filtration through a 0.45-m-pore-size Millex-HV filter unite (Millipore, Bedford, Mass.). Cells were harvested in phosphate-buffered saline, were pelleted by centrifugation, and were solubilized on ice for 10 min in a 10 mM Tris-HCl buffer (pH 7.5) that was supplemented with 1% Triton X-100 (Fluka Chemical Corp., Ronkonkoma, N.Y.), 1% sodium deoxycholate (Sigma, St. Louis, Mo.), and 150 mM NaCl. These samples were tested for reverse transcriptase (RT) activity. SIV p27 capsid (CA) protein concentrations were measured by SIV Core Antigen Capture Assay (Coulter Corporation, Miami, Fla.). To prepare samples for radioimmunoprecipitation assay, CEF or BS-C-1 cells were infected with MVA or MVA-SIV recombinant viruses and were pulsed with 35 S-labeled cysteine and methionine (Amersham Pharmacia Biotech, Inc., Piscataway, N.J.) for 24 h, beginning 2 h after infection. Infected cells and media were collected as described above and were immunoprecipitated with sera from an SIV-infected macaque or with anti-gp130 recombinant immunoglobulin G (IgG) antibody IgG1-201 (23) by using GammaBind G Sepharose beads (Amersham Pharmacia Biotech, Inc.) as previously described (21) .
Cells and viruses. Monkey BS-C-1 and CEF were grown in minimal essential medium with NEAA supplemented with 10% fetal calf serum (FCS). CEMx174 cells used for SIV rescue were grown in RPMI 1640 supplemented with glutamine and 10% FCS. Peripheral blood mononuclear cells (PBMC) were separated by centrifugation through Lymphocyte Separation Medium (ICN Biomedicals, Inc., Aurora, Ohio) and were maintained for 4 days in RPMI 1640 supplemented with 10% interleukin-2 (IL-2) and 5 g of phytohemaglutinin (PHA) per ml, and the PBMC were subsequently maintained in a similar medium lacking PHA.
The challenge virus was a cell-free virus stock of uncloned SIVsmE660 (25) which had been passaged in pig-tailed macaque PBMC and titrated for infectivity by intravenous inoculation of 10-fold serial dilutions into rhesus macaques to determine the dose at which 50% of macaques are infected (MID 50 ). This virus was highly pathogenic and highly related, but not identical, to the molecular clone SIVsmH-4 used to construct the recombinant vaccinia viruses.
Animals and immunization schedule. Twenty-four juvenile, simian type D retrovirus-and simian T-lymphotropic virus type 1-seronegative rhesus macaques (Macaca mulatta) were immunized intramuscularly with 10 8 PFU of recombinant MVA-gag-pol (group A, n ϭ 6), MVA-env (group B, n ϭ 6), MVA-gag-pol-env (group C, n ϭ 6), or nonrecombinant MVA (group D, n ϭ 6) at 0, 4, 16, and 28 weeks. The animals were bled periodically throughout the immunization protocol, and plasma samples were assayed for SIV-specific antibody by enzyme-linked immunosorbent assay (ELISA) and neutralizing antibody. The animals were then challenged intravenously 4 weeks later with 50 MID 50 of the SIVsmE660 virus stock described earlier (25, 32) . Blood and plasma samples were collected biweekly before challenge, on the day of challenge, and subsequently at 3, 7, 10, and 14 days; 3, 4, 6, and 8 weeks; and monthly thereafter.
Quantitative RT-PCR of plasma SIV RNA. A plasma SIV RNA viral load real-time quantification assay based on the Applied Biosystems Prism 7700 Sequence Detection System (70) was adapted for use with SIVsmE660. Plasma samples for analysis were collected using EDTA as an anticoagulant and were stored at Ϫ70°C until analysis. Viral RNA was isolated from macaque plasma samples by using the QIAamp Viral RNA Kit (Qiagen, Inc., Santa Clarita, Calif.) and were treated with amplification-grade DNase I (Life Technologies, Gaithersberg, Md.) as recommended by the manufacturer. Replicate aliquots of the test RNA were subjected to RT-PCR using a two-step, two-enzyme protocol with SIV-Gag consensus primers S-GAG03 and S-GAG04 and SIV-Gag consensus TaqMan probe P-SUS-05 (70) . The TaqI-XbaI DNA fragment (2,453 bp) from the gag coding region derived from the SIVsmH-4 sequence was cloned between HindIII and XbaI sites of the plasmid pTRI-19(polyA), and RNA transcribed with T7 RNA-polymerase from this template was used as standard control template. pTRI-19(polyA) plasmid containing a polyA 30 insert in the multiple cloning site was constructed on the base of triple tandem promoter cloning vector TRIPLEscript (Ambion, Austin, Tex.) and was kindly provided by K. Suryanarayana and J. D. Lifson (Laboratory of Retroviral Pathogenesis, National Cancer Institute-Frederick Cancer Research and Development Center, Frederick, Md.). The polyA-tailed full-length RNA control template was purified on oligo(T) agarose and was quantified by measurements of A 260 based on the calculated extinction coefficient for the transcript sequence. A serial fivefold dilution series of the standard RNA template was assayed in duplicate to generate a standard curve for each assay. RT-PCR was performed for each plasma sample in triplicate, including one control reaction for potential DNA contamination processed without the addition of RT. The assay results were normalized to the volume of plasma extracted and were expressed as SIV RNA copy equivalents per ml of plasma, as described for HIV type 1 (59, 60) . Interassay variation had a coefficient of less than 25%.
Evaluation of parameters of SIV infection by flow cytometry and SIV isolation. Following virus challenge, a comprehensive virological analysis was performed on sequential plasma, PBMC, and lymph node biopsy specimens. Lymphocyte subsets (CD4 ϩ , CD8 ϩ , CD2 ϩ , and CD20 ϩ ) were evaluated by fluorescenceactivated cell sorting on whole heparinized blood samples by using methods previously described (33) . Virus rescue was conducted by stimulation of 5 ϫ 10 6 PBMC with 10% IL-2 and PHA (5 g/ml) in RPMI 1640 media supplemented with glutamine, penicillin-streptomycin, and 10% FCS for 4 days, followed by cocultivation with an equal number of CEMx174 cells (25, 36) . Virus rescue from lymph nodes was accomplished by disruption of fresh lymph node tissue into a single cell suspension by gentle rubbing through a cell strainer (Falcon) and by stimulation of 5 ϫ 10 6 lymph node cells with PHA and IL-2 as was done with PBMC, followed by cocultivation with CEMx174 cells. The analyses included lymph node histopathology with in situ hybridization analysis for expression of SIV RNA as previously described (33, 35) .
Electronmicroscopy of BS-C-1 cells infected with recombinant viruses.
Monolayers of BS-C-1 cells in Lab-Tech chamber slides (Nunc, Inc., Naperville, Ill.)
were inoculated with 10 PFU of MVA-SIV recombinant viruses per cell. After 24 h, the cells were fixed in 2% glutaraldehyde-Milloning's phosphate buffer (pH 7.35) (Tousimis Research Corp., Rockville, Md.) and then were fixed in 1% osmium tetroxide, dehydrated in a graded alcohol series, and embedded in epoxy resin. Thin sections were cut and stained with uranyl acetate and lead citrate. GNA lectin (Sigma) solution in phosphate-buffered saline (10 g/ml) was added to each well and was incubated at 4°C overnight. ELISA plates were then blocked with Superblock in Tris-buffered saline (Pierce, Rockford, Ill.) as recommended by the manufacturer, and an optimized dilution of recombinant SIVsmH-4 gp130 was added for 3 h at 37°C. Unbound proteins were removed by washing three times with Tris-buffered saline containing 0.05% Tween 20, and dilutions of macaque plasma in 10% Superblock were added for 2 h at 37°C. The bound macaque antibodies were detected with an alkaline-phosphatase-conjugated goat antibody specific for the Fc fragment of human IgG (Pierce) and developed with the p-nitrophenyl phosphate substrate (Sigma) as previously described (23) . Endpoint titers were determined as the reciprocal of the highest serum dilution that gave an optical absorbance value of two standard deviations above the average values obtained with negative control sera. For quantitative measurement of Gag-Pol-specific antibodies, the plates were coated directly with gradient-purified, disrupted SIV-like particles produced in BS-C-1 cells infected with MVA-gag-pol recombinant virus. Medium from the BS-C-1 cells infected with MVA was used as diluent for macaque plasmas to prevent the binding of vaccinia-virus-specific antibodies to MVA proteins from contaminating the viruslike particle preparation. Vaccinia-virus-specific ELISA antibody titers were determined by assays described earlier (34) . a BS-C-1 cells were infected with 10 PFU of indicated MVA-SIV recombinant per cell, and samples were collected as described in Materials and Methods.
b Results are normalized to 10 6 infected cells and are presented as average values of three independent experiments Ϯ standard derivations.
Statistical methods. Repeated measures analysis of variance (ANOVA) were used to test for differences in all the outcomes between groups receiving different immunization regimens. Where appropriate, analyses were performed on logtransformed data. Analyses of residuals showed distributions consistent with normality. Viral load data below the level of detection of the assay were assigned values of 300 copy eq/ml for repeated measures ANOVA. These data were also analyzed by a method for left-censored log-normally distributed data at individual times, which yielded slightly higher P values than ANOVA at those times but did not affect any conclusions about statistical significance. Statistical calculations were carried out using the SAS System for Windows (Release 6.12; SAS Institute Inc., Cary, N.C.). Cumulative survival rates for groups of vaccinated and control macaques were analyzed with Kaplan-Meier survival curves (39) .
RESULTS
Evaluation of expression of viral antigens by new MVA recombinants. Three MVA recombinants (MVA-gag-pol, MVAenv, and MVA-gag-pol-env) were constructed as depicted in Fig. 1 . These recombinants differed from the previous MVA-SIV recombinant (34) in that both Env and Gag-Pol precursors were expressed under control of the highly effective, synthetic, early-late vaccinia virus promoter. In addition, gene cassettes for the present recombinants were inserted into two separate sites within the MVA genome (deletions II and III). This contrasted with the sole use of deletion III in the original MVA-SIV recombinant. Selected clones of recombinant viruses were propagated and characterized by immunoprecipitation of expressed SIV proteins from BS-C-1 cells infected with MVA-SIV recombinants. As shown in Fig. 2A , BS-C-1 cells infected with MVA-env, the first generation MVA-SIV, and MVA-gagpol-env recombinant viruses produced similar amounts of   FIG. 4 . Anti-SIVsmH-4 gp130 ELISA antibody titers in sera of immunized and control macaques. Six macaques per group were inoculated four times (open diamonds) with recombinant or nonrecombinant MVA and challenged 4 weeks later with SIVsmE660 (filled diamonds). Serial dilutions of plasma were incubated with recombinant SIVsmH-4 gp130 bound to microtiter plates treated by lectin from G. nivalis. End-point titers were defined as the reciprocal of the highest sera dilution that gave an optical absorbance at least two standard deviations greater in value than average values obtained with negative control sera.
TABLE 2. Neutralizing antibody titers to the vaccine (SIVsmH-4)
and challenge (SIVsmE660) viruses on the day of challenge Vaccine Macaque no.
Reciprocal neutralizing dilution titer for:
Env proteins ( Fig. 2A, lanes 3, 4, and 5 ). Immunoprecipitation with an SIV Env-specific macaque monoclonal antibody confirmed the identities of the Env precursor gp160 (Fig. 2C) , and cleaved gp120 envelope glycoprotein (Fig. 2B) . As expected from the use of the stronger promoter for Gag-Pol expression, the level of expression of Gag proteins in MVAgag-pol and MVA-gag-pol-env recombinant viruses was more robust than that observed with the first-generation MVA-SIV recombinant ( Fig. 2A, lanes 6 , 5, and 4, respectively). The processing of the Gag-Pol precursors also differed from that of the original recombinant. Culture supernatants of cells infected with the first-generation recombinant contained mainly processing intermediates of Gag-Pol and Gag precursors ( Fig. 2A,  lane 4) . In contrast, significant amounts of processed SIV Gag proteins (capsid CA p27 and matrix MA p17) were observed in cells infected with MVA-gag-pol (lane 6) or MVA-gag-pol-env (lane 5), consistent with efficient maturation of SIV pseudovirions.
To compare the levels of SIV-gag-pol proteins expressed in mammalian cells, culture supernatants and cytoplasmic extracts were assayed for RT activity and SIV p27 protein. As shown in Table 1 , higher levels of RT activity and antigen were detectable in BS-C-1 cells infected with the MVA-gag-pol and MVA-gag-pol-env recombinant viruses than in the cells infected with the original recombinant. The amount of CA protein produced by cells infected with both newer recombinant viruses expressing Gag-Pol was comparable to that produced by permissive cells infected with SIV. As expected, RT activity and CA protein were not detectable in supernatants of cells infected with MVA or MVA-env recombinant virus. To confirm the production of SIV-like particles, electron microscopy was performed on BS-C-1 cells infected for 24 h with the MVA-gag-pol-env recombinant virus. As shown in Fig. 3 , numerous SIV-like particles were observed at all stages of virion maturation. Such virus-like particles were not observed in cells infected with the original MVA-SIV recombinant virus (data not shown), consistent with lower levels of expression and processing of Gag-Pol in the original recombinant.
Immunogenicity of MVA-SIV recombinant viruses in rhesus macaques. A cohort of 24 macaques was immunized intramuscularly with 10 8 PFU of MVA-gag-pol (group A), MVA-env (group B), MVA-gag-pol-env (group C), or nonrecombinant MVA (group D) at 0, 1, 4, and 7 months and were challenged 4 weeks later with uncloned SIVsmE660. Antibody responses to vaccinia virus and SIV antigens were monitored in sequential plasma samples by ELISA (Fig. 4) and neutralization assays (shown in more detail in reference 56). As shown in Fig.  4 , immunization with the Env antigen (groups B and C) resulted in Env-specific antibody production after the second immunization. Levels of antibody peaked 2 weeks after the immunization and subsequently declined. Each subsequent immunization resulted in a boost in the antibody titer and a moderate incremental increase in the peak titer. As expected, macaques immunized with MVA-gag-pol or MVA did not develop Env-specific antibody. A similar pattern was observed with respect to the Gag-specific responses in macaques immunized with MVA-gag-pol and MVA-gag-pol-env (data not shown). Vaccinia-virus-specific ELISA antibody titers of all animals (data not shown) peaked by the second immunization. As shown in Table 2 , neutralizing antibodies generated to the vaccine strain SIVsmH-4 were observed in plasma from macaques immunized with either MVA-env or MVA-gag-pol-env. However, there was no detectable neutralization of the challenge virus SIVsmE660 on the day of challenge. As expected, none of the macaques immunized with MVA-gag-pol or MVA exhibited any neutralizing activity to either the vaccine or challenge virus (data not shown). CTL responses were not monitored in this cohort since none of these macaques expressed major histocompatibility complex (MHC) class I alleles with known associated peptide epitopes that could be used in CTL MVA-gag-pol 
MVA-SIV immunization did not prevent infection with SIV.
Following challenge with SIVsmE660, an increase in the titer of SIV-specific antibody titers was observed with anamnestic Env responses observed in macaques immunized with MVAenv and MVA-gag-pol-env (Fig. 4) . These antibodies were capable of neutralizing the vaccine virus but not the challenge virus, as is described in detail elsewhere (56) . A similar type of anamnestic Gag-specific antibody response was observed in macaques immunized with MVA-gag-pol or MVA-gag-pol-env (data not shown). These anamnestic immune responses indicated that each of the macaques became infected following SIV challenge. Indeed, as shown in Table 3 , SIV was isolated from PBMC of all 24 macaques. However, virus isolation was transient from PBMC samples of four macaques (A1, A3, B1, and C4). Isolation of virus was not successful on samples collected from these four animals after 12 weeks postinoculation, consistent with extremely low viral loads in these animals. Single cell suspensions of lymph node mononuclear cells were also evaluated for infectious virus at 1, 2, and 4 weeks after challenge. SIV was recovered from each of these cultures (data not shown).
Immunization significantly modifies viral load following SIV challenge. The levels of plasma viral RNA were assessed sequentially throughout the course of infection. Figure 5 depicts the plasma viremia for each animal of the four immunization groups. Two of the MVA control macaques (D6 and D3) had high plasma viral loads persistently until they were euthanized at 16 and 20 weeks, respectively. Neither of these animals developed SIV-specific antibody. One animal in this group was lost to the study due to an anesthetic death at 16 weeks postchallenge. The other three macaques in the control group demonstrated high levels of persistent viremia; two animals were euthanized due to AIDS at 32 weeks (D2) and 60 weeks (D5) post-SIV challenge, and one animal is still alive. Although the levels of plasma viremia overlapped the levels in MVA-SIV-immunized macaques, the plasma viral RNA levels were generally higher in the MVA control macaques than in macaques immunized with MVA-SIV recombinants.
Considerable variability in plasma viremia was observed in the SIV-immunized animal groups. A proportion of animals in each MVA-SIV-immunized group (MVA-gag-pol, n ϭ 2; MVA-env, n ϭ 3; and MVA-gag-pol-env, n ϭ 2) exhibited sustained control of plasma viremia to below the limits of detection of the assay. These same macaques became virus culture negative by 12 weeks postchallenge (Table 3) . Two FIG. 5 . Plasma viral load in immunized and control macaques after challenge with uncloned SIVsmE660. Sequential levels of plasma viral RNA over the first 45 weeks after SIV challenge are shown for animals immunized prior to challenge with MVA-gag-pol, MVA-env, MVA-gag-pol-env, or MVA. Plasma viral load was determined by real-time RT-PCR as described in Materials and Methods. Results are expressed as number of copies of SIV genomic RNA equivalent per milliliter of plasma. Plasma samples having values under assay threshold sensitivity were given a value of 800 copy eq/ml. Animals sacrificed because of clinical manifestations of AIDS (¨) and the animal that died of causes unrelated to AIDS ( §) are labeled.
macaques immunized with the MVA-gag-pol vaccine demonstrated sustained control of viremia (A1 and A3), two others controlled viremia transiently (A2 and A4), and two exhibited sustained high levels of viremia (A5 and A6). A similar pattern was observed in macaques immunized with the MVA-env vaccine. Three MVA-env-immunized macaques demonstrated sustained control of viremia (B1, B3, and B4), and three animals exhibited persistent moderate viremia (B2, B5, and B6). As in the other two groups, two animals immunized with MVA-gagpol-env controlled viremia well (C4 and C6), and the four animals exhibited persistent but moderate viremia. In each immunization group, there were a number of animals with transient control of viremia and subsequent increasing levels.
To determine whether there was a significant reduction in plasma viremia in MVA-SIV vaccinees, geometric mean plasma viral RNA levels were compared over the first 16 weeks as shown in Fig. 6 . After this time point, two animals in the control group were lost to follow-up, making statistical analyses less meaningful. Macaques in each of the MVA-SIV groups had lower virus loads than the nonrecombinant MVA group. Statistical analyses of plasma virus load from weeks 1 to 16 in the four groups demonstrated that the difference between the control macaques (group D) and the macaques immunized with SIV antigens was highly significant (P ϭ 0.0011 by ANOVA). However, significant differences in SIV plasma viral load were not observed between the three SIV-immunized groups (P ϭ 0.30).
Control of viremia correlates with stability of CD4 ؉ lymphocytes. The absolute numbers of circulating CD4 ϩ lymphocytes were followed sequentially in each of the macaques as depicted in Fig. 7 . As observed in previous studies, loss of CD4 ϩ lymphocytes was not an accurate predictor of rapid disease progression. Only one of the macaques that progressed rapidly to AIDS exhibited a significant decline in the absolute number of circulating CD4 ϩ lymphocytes (D3). Peripheral CD4 ϩ T-cell numbers tended to decrease over the course of infection in the majority of the macaques. However, long-term maintenance of CD4 ϩ lymphocyte numbers was observed in some of the animals in each of the groups immunized with MVA-SIV recombinant viruses. A total of seven macaques have maintained CD4
ϩ lymphocyte numbers within normal limits, exhibit low plasma viremia, and have no other clinical evidence of AIDS-related disease (lymphadenopathy, splenomegaly, or thrombocytopenia). Two of these were immunized with MVA-gag-pol, three were immunized with MVA-env, and two were immunized with MVA-gag-pol-env. Macaques which have maintained relatively normal levels of peripheral CD4 ϩ T cells also exhibited low plasma viremia (A1, A3, B1, B3, B4, C4, and C6) (Fig. 7) . Notably, none of the macaques immunized with the MVA nonrecombinant have remained healthy. One of these macaques has survived but exhibits moderate plasma viremia, moderate CD4 depletion, and lymphadenopathy.
Significant increase in survival of MVA-SIV-immunized macaques. Animals were monitored for evidence of immunosuppression and AIDS-related symptoms and were euthanized at the first definitive signs of AIDS. At 19 months after SIV challenge, one control macaque had survived, whereas the ten survivors in the MVA-SIV-vaccinees included three in the MVA-gag-pol group, three in the MVA-env group, and four in the MVA-gag-pol-env group. Cumulative survival rates of the four groups of MVA-immunized macaques are shown in a Kaplan-Meier plot in Fig. 8 . Vaccination with any of the MVA-SIV recombinant viruses significantly prolongs the survival of immunized macaques compared to the survival of control animals (P ϭ 0.010 by the log rank test). Cumulative survival of MVA-gag-pol-(P ϭ 0.115), MVA-env-(P ϭ 0.025), and MVAgag-pol-env-(P ϭ 0.041) immunized macaques were superior to the cumulative survival for the control group. By 590 days after challenge with SIVsmE660, the median length of survival of members of the MVA-immunized control group was 221 days, which was significantly shorter than the 551-day median of members of the MVA-gag-pol group (P ϭ 0.049), the 546-day median of members of the MVA-env group (P ϭ 0.015), and the Ͼ590-day median of members of the MVA-gag-pol-env group (P ϭ 0.012) when compared by the Student's t test. However, the three SIV-immunized groups were indistinguishable in terms of survival. 
DISCUSSION
Our initial studies with MVA-SIV recombinants in rhesus macaques suggested that prior immunization provided protection against high levels of viremia and AIDS (34) . However, due to small group sizes (n ϭ 4) and heterogeneity in virus load, the differences between the control and MVA-SIV-immunized groups did not reach statistical significance. Nonetheless, two of the MVA-SIV immunized macaques remained healthy 4 years postchallenge. The goal of the present study was to determine definitively whether MVA-SIV recombinant vaccines provide benefit in terms of reduced levels of viremia and prolonged survival. Indeed, immunization with any of the three MVA-SIV recombinants resulted in significant control of plasma viremia and partial protection from AIDS following intravenous challenge with pathogenic SIV. Protection from high levels of viremia and rapid disease progression was observed in all three groups immunized with MVA-SIV recombinants. None of the macaques immunized with MVA-SIV recombinants developed rapidly progressive disease, whereas two such animals were observed in the control group. Most importantly, the reduction in plasma viremia in MVA-SIVimmunized macaques was associated with a significant increase in median length of survival (almost 1 year).
Although immunization with MVA-SIV recombinants improved survival following SIV challenge, progression to AIDS was still evident in the majority of animals, albeit with conside- rably delayed onset. Therefore, as of 19 months postchallenge, 10 of the MVA-SIV-immunized macaques (56%) survived (MVA-gag-pol, n ϭ 3; MVA-env, n ϭ 3; MVA-gag-pol-env, n ϭ 4). This contrasts with the survival of only one of the MVA control macaques. While the majority of the MVA-SIV-immunized surviving macaques show some evidence of disease progression (declining CD4 T cells, lymphadenopathy), four (25%) have the characteristics of long-term nonprogressors of SIV or HIV infection (MVA-gag-pol, n ϭ 2; MVA-env, n ϭ 1; and MVA-gag-pol-env, n ϭ 1). These characteristics include stable peripheral CD4 ϩ T cells, the inability to consistently culture infectious virus from PBMC, normal lymph node morphology, and plasma viral RNA levels below the limits of detection of the assay. Historical data on other SIV-infected macaques suggest that animals with such virologic and clinical characteristics can remain clinically stable indefinitely. Cumulatively, these data demonstrate that immunization with MVA-SIV recombinant viruses protects macaques from high levels of viremia, significantly prolongs survival, and may prevent the development of AIDS in a small subset of these animals.
The present study did not directly address the immune mechanisms responsible for protection. However, it is evident that the protection from high levels of viremia observed in this study was not mediated by neutralizing antibody. First, protection was observed in macaques immunized with a Gag-Pol recombinant of MVA where neutralizing antibody could play no role in protection. Second, since macaques were not boosted with purified Env protein prior to challenge, neutralizing antibody titers for the vaccine strain were extremely low at the time of challenge (56) . Third and most importantly, the neutralizing antibody response was highly type specific, since it neutralized only the vaccine strain (SIVsmH-4) and not the challenge strain (SIVsmE660). The type specificity of the neutralizing antibody response was even more evident following challenge (56) . Sequential analysis of plasma samples from these macaques revealed that neutralization of the challenge strain by plasma was not evident until 12 weeks postchallenge. In addition, this neutralizing response did not appear more rapidly in the SIV-vaccinated groups than in the control group (56) . Other antibody functions such as antibody-dependent cell-mediated cytolysis (8) or formation of immune complexes that enhance immunogenicity of SIV antigens may play a role in modulating SIV infection (19, 27, 28, 50) but were not assessed in the present study.
Consistent with growing evidence of the important role of CTLs in protection from HIV and SIV infections (24, 40, 41, 66) , we believe it probable that the control of viremia observed in this study was mediated by cellular immune responses. Indeed, studies in this laboratory and others have demonstrated potent CTL responses in animals immunized with MVA vectors (9, 29-31, 68, 69) . In particular, we evaluated Gag-specific CTL in rhesus macaques expressing the MHC class I allele Mamu-A*01 following immunization with the same MVA-gagpol recombinant virus used in the present study. During immunization, these macaques developed robust Gag-specific CTL responses as assayed by both functional killing and tetrameric MHC class I/peptide-binding assays (68) . Following SIV challenge, we observed a reduction in plasma viremia in MVA-gagpol vaccinees as compared with macaques immunized with nonrecombinant MVA. The strength of the CTL response to immunization correlated inversely with level of plasma viremia following challenge, suggesting a role for memory CTL in protection from high levels of viremia (69) .
In summary, the present study confirms our previous observation that prior immunization with MVA-SIV recombinant viruses results in significant control of viremia and prolonged survival following challenge with pathogenic SIV. The protective effects appeared to be mediated directly by the MVA recombinant without SIV protein boosting. Regardless of whether the macaques were immunized with an MVA recombinant expressing SIV Env or Gag-Pol, a similar degree of protection was achieved, suggesting that each antigen may contribute to protection equally. While the level of protection from AIDS was clearly less than optimal, it should be noted that the challenge (intravenous, pathogenic, and neutralization resistant) used in this study was a highly stringent test of the protective effect of this vaccination regimen. This challenge is likely to be more rigorous than the type of exposure involved in human infection with HIV-1, estimated to be generally less than 1% per exposure episode. This factor, in combination with the observation that there has been greater success in protecting against mucosal challenge (10, 62) , suggests that such a vaccine approach may be highly effective in humans.
